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SUMMARY : We summarise the main events that mark the contraction and extension
histories of the Scandinavian Caledonides and the European Variscides. We show that
continental subduction may have developed similarly large and asymmetric thrust
systems in both orogens. However whereas continent-continent collision developed in
the Variscides, extension began in the Scandinavian Caledonides marking the end of
continental subduction. This led extensional tectonics to affect two continental crusts
with contrasted rheology and therefore led to contrasted extensional modes. We argue
that plate divergence responsible for extension in the Scandinavian Caledonides was
triggered by the Variscan collision between Laurasia and Gondwana. In contrast,
horizontal buoyancy forces acting on a thermally softened thickened crust were more
likely responsible for extension in the Variscan belt.
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Introduction

From a tectonic point of view, Paleozoic history is essentially that of the assembly of Pangea, the
unique super continent that began to break up in the Mesozoic (Smith, 1973; Bambach, 1980).
There is faunal (eg. Cocks, 1982) , sedimentoloical (eg. Noblet, 1990) and paleomagnetic (eg. Van
der Voo 1982) evidence that in Europe an older (Caledonian) orogenic belt resulted from the
collision of Baltica and Laurentia (Fig. 1), followed in time by a younger (Variscan) orogeny when
Gondwana and Laurasia (Laurentia together with Baltica, Fig. 1) joined. The Uralides formed later
when Siberia collided with the earlier-formed Laurasia-Gondwana continental mass in the Latest
Paleozoic (Scotese, 1990). In this assemblage involving plate tectonics in Paleozoic times, the
Scandinavian Caledonides and the Variscides came about by similar but independent evolutions.
Convergence between Laurentia and Baltica during the Ordovician and early Silurian (500-430 Ma)

closed the latest Precambrian-Cambrian North Iapetus Ocean. The last deep-water marine



sedimentation and the peak of the Caledonian orogeny indicate collision in the mid-Silurian to early
Devonian (425-400 Ma, eg. Harland & Gayer 1972; Robert & Sturt 1980; Gee 1982; Milnes et al.,
this volume). During the same period, the northward motion of Gondwana closed the Rheic and
Theic oceanic domains. In the early Devonian (ca. 395 Ma) Gondwana collided with the recently
assembled Laurasia (Bard, 1980; Matte, 1986; Franke, 1989b). Caledonian east-west contraction
stopped when north-south Early-Variscan contraction began (directions are given in a present-day
reference frame). From this time onward, the two orogens evolved differently. The Scandinavian
Caledonides underwent extension (Hossack, 1984; McClay, 1986; Norton, 1986; Séguret, 1989),
while the Variscides were recording early collision. Synchronism between extension in the
Caledonides and early contraction in the Variscides suggests that the Early Devonian evolution of
the two belts may not totally be disconnected. Later on, the Variscides recorded active continent-
continent collision (eg. Matte 1986, Franke 1989b) from Early Devonian to Early-Middle
Carboniferous (390-330 Ma, Pin & Peucat, 1986). This was followed by post-thickening extension
(Malavieille 1993, Burg et al. 1994) from Middle Carboniferous to Permian (330 - 300 Ma, Costa,
1990).

In this paper, we compare contraction and subsequent extension in the Scandinavian Caledonides
with those of the Variscan belt. We argue that both their contractional and extensional structures
differ, although they are reported to have followed a similar geodynamic evolution. We discuss
their difference in terms of bulk crustal rheology. We follow some authors (Séranne, 1991; Fossen,
1992) to argue that the origin of extension should be found in changing boundary conditions,
namely that the nappe pile slid back during the Devonian into a space created by divergence between
Laurentia and Baltica (the free space model of Wilks & Cuthbert, 1994). In conclusion, we propose
a plate tectonics model in which extension in the Scandinavian Caledonides is related to the Early

Variscan contraction.

Contractional tectonics

The Scandinavian Caledonides



The Scandinavian Caledonides (Fig. 2) are a nearly linear, 1800 km long belt with a rather simple
structure. Five tectonostratigraphic units are identified (eg. Kulling, 1972; Roberts and Gee, 1985;
Bryhni, 1985). Their relationships show that the Caledonides are essentially a wedge of
successively upward, more far-travelled nappes resulting from southeastward imbrication of the
outer margin of Baltica during Ordovician-Silurian times. The wedge is overridden by elements
with Laurentian affinities (eg. Dallmeyer, 1986; Stephens, 1989).

(1) The Autochthon-Parautochthon consists of the Precambrian Baltic Shield covered by Late
Precambrian to Ordovician sediments. To the east, i.e. the foreland, the Caledonian overprint is
restricted to thin-skinned tectonics immediately below the contact zone with the overlying Lower
Allochthon. To the west, i.e. the hinterland, the Precambrian Baltic Shield re-appears as a window
in the so-called Western Gneiss Region. In southern Norway, the Caledonian parageneses record a
northwestward increase in pressure, ranging from 15 to 30 kbar Griffin, 1985; Smith, 1989;
Andersen, 1990; Dobrzhinetskaya, 1995, which implies burial of the Baltic basement to depths of
70-100 km. In this area, strain is concentrated in mylonitic zones that anastomose around large
blocks in which Precambrian structures are preserved (Austrheim, H., 1987; Milnes et al., 1988;
Milnes et al., this volume). These shear zones also comprise exotic fragments of garnet peridotite.
(2) The Lower Allochthon, (the “Main Décollement” of Milnes et al., this volume; and the
“Décollement Zone” of Fossen, 1992), developed mostly within the Late Precambrian-Lower
Paleozoic sediments. It is a low-grade high-shear strain zone of thin-skinned thrusts in which
basement slivers, derived from the western margin of the Baltic Shield, have been locally imbricated.
(3) The Middle Allochthon comprises flat-lying nappes of Precambrian basement and its psammitic
cover. It had been translated over 300 km above the Precambrian basement (cf. Milnes et al., this
issue). These nappes, derived from Baltica, are affected by generally low-grade metamorphism.
They are remarkably large in areal extent (several thousands of km?2) in comparison to their
thickness (4-6 km, Bryhni & Sturt, 1985).

(4) The Upper Allochthon consists of variably metamorphosed and deformed packages, including
ophiolitic fragments overlain by low-grade sediments and island arc-related volcanic and plutonic
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sedimentary wedge of far-travelled nappes in which the Caledonian strain intensity and metamorphic
grade increase upward and westward. Granulite-facies rocks, probably of Precambrian age, are
reported in the Upper Allochthon which also contains retrogressed Caledonian eclogites and garnet
peridotites.

(5) The Uppermost Allochthon is composed of schists, marbles, gneisses and granites that may
represent the eastern edge of Laurentia, including a basement and cover complex (Stephens, 1985).
They have been intruded by several synorogenic gabbro and granitoid intrusions.

In the tectonic models proposed (eg. Williams, 1984; Dallmeyer, 1986; Andersen, 1991, Baltica’s
margin (the Autochthon and Parautochthon together with the Lower and Middle Allochthons) began
to subduct westward beneath a volcanic arc (now dismembered in the Upper Allochthon) in Late
Cambrian times. During the Early Ordovician, an accretionary wedge developed associated with
subduction and imbrication of the outer margin of Baltica, and concomitant high-grade
metamorphism. Until the earliest Silurian however, ophiolites formed in back-arc basins in other
parts of Iapetus and marine deposition continued on parts of the outer edge of Baltica until Wenlock
(Milnes et al., this volume and reference therein.). The complete closure of lapetus was associated
with emplacement of an imbricated nappe complex onto the Baltic Shield. Caledonian contraction
culminated and migrated towards the foreland during the Silurian (Bockelie, 1985). Except the
Upper Silurian to Early Devonian molasses of the Ringerike Group preserved in the Oslo Graben,
there is only very limited clastic sedimentary records of this event in the present foreland of the
Scandinavian Caledonides. No significant flexural basin developed parallel to the Caledonian belt
as could be expected in a collision orogen. Instead, the nappe complex overlaps the autochthonous
domain consisting of the thin succession of Early Paleozoic sediments deposited on the
Precambrian basement (eg. Roberts, 1985) all along the Scandinavian Caledonian front.

The recent discovery of eclogites in the Caledonides of North-East Greenland (Gilotti, 1993), could
modify this view of the Scandinavian Caledonides if however these high-pressure rocks are revealed
to be Caledonian. In such a case, a microplate lying in between Baltica and Laurentia (Fig. 9) could

explain the occurrence of eclogites on both side of the North Iapetus ocean.



Variscan Belt

The Variscan Belt of Europe (Fig. 3) resulted from the Early Devonian to Middle Carboniferous
collision of Laurasia and Gondwana, between which smaller Precambrian continental blocks
(Avalonia, Armorica and its eastern equivalent Barrandian in Bohemia) were squeezed (eg., Bard,
1980; Behr, 1984; Matte, 1986; Matte, 1991; Franke, 1989a; Franke, 1989b). The Gondwana-
Laurasia convergence closed two oceanic domains of Cambrian to Ordovician age (Pin, 1990): the
Rheic ocean, between Avalonia and Armorica-Barrandia, and the Theic ocean (McKerrow, 1972 ) or
Prototethys (including the Galicia-Massif Central ocean of Matte, 1991) between Armorica-
Barrandia and Gondwana (Fig. 1). Their respective width is a point of contention (Neugebauer,
1989). The collision of a Gondwana promontory (Iberia) with Laurasia s.l. (Baltica, Laurentia and
Avalonia) formed the Ibero-Armorican arc, a salient orocline in the western part of the belt (Fig. 3,
Matte, 1986; Burg, 1987). By the end of convergence, in Carboniferous times, the Variscan belt was
characterised by the accretion of three main terranes (Avalonia, Armorica-Barrandia and Gondwana)
with a bilateral symmetry centred on Armorica-Barrandia. According to the direction of large scale
thrust tectonics and the migration of the deformation and metamorphic events toward the forelands,
it is inferred that the Rheic and Theic oceanic lithospheres were essentially consumed by opposite
subduction zones beneath the dorsal Armorica-Barrandia blocks (eg. Matte, 1986; Franke, 1989a;
Franke, 1989b).

Subduction of oceanic and continental lithosphere is marked by high-pressure
metamorphism (eclogites, blue schists, white schists and granulites) between 440 and 390 Ma
(mostly zircon U/Pb data, eg. Peucat, 1977; Gebauer, 1979; Duthou, 1981; Pin, 1982; Pin, 1983;
Ducrot, 1983; Paquette, 1987). In the Early Devonian (ca. 400 Ma) most of the oceanic
lithospheres were subducted (Matte, 1986; Franke, 1986). However, many Sm/Nd whole rock-
garnet isochrones on eclogite yield ages that spread in the range of 433-290 Ma. Because garnet
has a high Sm/Nd ratio compared to whole-rocks and other minerals commonly used for computing
whole rock-minerals Sm-Nd isochrones, the slope of the isochrone, and the age, is mainly controlled
by the isotopic ratios of garnet. Sm-Nd whole rock-garnet ages can be interpreted in two different

ways. They may represent the time when the garnet crystallised in a magmatic or metamorphic rock,



or they may represent the time when the garnet became closed to Sm-Nd diffusion. The closure
temperature for Sm-Nd diffusion in garnet has been estimated to be 600 + 30°C (Mezger et al.,
1992). If the maximum temperature conditions attained during a metamorphic event responsible for
the crystallisation of the investigated garnets (i.e. eclogite metamorphism) exceed the closure
temperature for Sm-Nd diffusion in garnet, then Sm-Nd whole rock-garnet ages are cooling ages.

The Sm/Nd ages are sometimes consistent with the U/Pb and Ar/Ar data when available. For
example, the eclogite facies metamorphism in the Miinchberg Massif is dated at 395-380 Ma,
whatever isotopic system is used (Gebauer & Griinenfelder, 1979; Stosch & Lugmair, 1990;
Kreuzer et al., 1989; Kreuzer & Seidel, 1989). This coherence in the geochronological data
supports the Lower to Middle Devonian age of the high-pressure metamorphism. In other
(numerous) cases, Sm/Nd whole rock-garnet isochrones obtained on high-pressure rocks contradict
existing geological observation and other geochronological data. In the Orlica-Snienik dome
(eastern Bohemian Massif) for example, Sm/Nd ages of the high-pressure assemblages (352-327
Ma; Brueckner et al., 1989) are younger than the K/Ar cooling ages (380 Ma) obtained on the same
rocks (Bakun-Czubarow, 1968). Similar observation can be done in the Schwarzwald, where
Sm/Nd ages on eclogite (337-332 Ma; Kalt et al., 1994) are younger than the Ar/Ar cooling ages
(357 Ma; Boutin, 1992) obtained on similar eclogites found in a similar setting in the nearby
Vosges Massif (see also Schmaédicke et al., 1995). The Sm/Nd data obtained on the eclogites from
the Mariankse Lazne Complex (Northwest Bohemian Massif) are even more confusing, since they
show an age gradient from the garnet core (433 + 12 Ma) to the garnet rims (375 + 5 Ma) (Beard et
al., 1991). There is a strong debate on the significance of these Sm/Nd ages, and more and more
data support the hypothesis that in most cases the Sm/Nd systematics in metamorphic garnet record
cooling rather than mineral growth (Mezger et al., 1992). Sometimes these young ages could be
easily ruled out by field observations, i.e.: granulites presumably dated at 308 Ma by the Sm/Nd
method occurring as pebbles in Westphalian (310-300 Ma) molasse (Franke, 1993; Schmédicke et
al., 1995); eclogite boudins embedded in low-pressure anatectic gneisses yielding a Sm/Nd age of
322 Ma for the high-pressure event, similar to that of the retrogressive low-pressure metamorphism

(336-329 Ma) of the host rocks (Kalt et al., 1994). However the difficulties arise when the Sm/Nd



ages range between 370 Ma and 340 Ma; these ages could just represent post-eclogitic cooling ages,
but are interpreted in the absence of contradicting constraints as the age of the high-pressure event.
As many others (eg., Pin & Peucat, 1986; O’Brien & Darwell, 1993; Franke, 1993), we consider
that, in the Variscan belt, the high-pressure metamorphism is likely older than 380 Ma.

Deformation of the colliding continental crusts is recorded by large, forelandward thrust
imbrication (Burg, 1978; Tollmann, 1982; Burg, 1987; Ledru, 1989). Large eclogitic and granulitic
crustal nappes were syn-kinematically retrogressed during thrusting, while intermediate pressure
metamorphism developed in their relative autochthonous and parautochthonous domains Burg,
1984. Related ages span from Early Devonian to Lower-Middle Carboniferous (390-330 Ma;
Bernard-Griffiths, 1977; Pin, 1979; Gebauer, 1979; van Breemen, 1982; Lafon, 1986; Pin, 1986;
Kroner, 1988; Costa, 1991-1992). Deformation, metamorphism, magmatism and synorogenic
flysch sedimentation migrated from the suture zones toward both forelands, on the Gondwana
margin to the south and on the southern Avalonia margin to the north. Migration is related to
continuing collision that involved progressively more external domains as the belt widened (Matte,
1990). Intra-continental deformation due to long-lasting collision has been partly accommodated by
widespread strike-slip faulting (Arthaud, 1977), eventually producing lateral escape of crustal blocks
Matte, 1986 and tightening of the Ibero-Armorican Arc (Burg, 1987). A set of dextral shear zones
is delineated by strong gravimetric and magnetic gradients (Edel, 1995). It is likely responsible for
the segmentation and eastward shift of the eastern parts of Avalonia and Armorica-Barrandia (Fig.

3).

Continental convergence in the Scandinavian Caledonides and the Variscides: a
comparison

When continental lithospheres converge, the convergence can be accommodated by
continental subduction or by continent-continent collision, and commonly continent-continent
collision follows continental subduction. One of the main differences between both convergence
zones is that, during continental subduction, contractional structures are localised along the Wadatti-

Benioff zone. Similarly to oceanic subduction, both subducted continental crust and overlying crust



may suffer limited intra-crustal deformation depending on the ratio between subduction rate and
convergence rate. In contrast, during continent-continent collision, deformation migrates away from
the plate boundaries so that both continental crusts are strongly affected by intra-crustal
deformation. In both Scandinavian Caledonides and Variscan belt, continent-continent subduction
is inferred to have followed continental subduction. We emphasise, however, that continental
subduction with only minor intracontinental deformation better explains the particular geometry of
the Caledonian contractional structures.

Crustal-scale sections illustrating the geometry of the Scandinavian Caledonides for the Late
Silurian vary according to relative proportions of two models. (i) Horizontal pure shear (Andersen
& Jamtveit, 1990); Andersen et al., 1994 and thick-skinned tectonics (Norton, 1986) assume that
pressures of 16 to 30 kbar recorded in the eclogites witness at least 100 km crustal thickening by
whole crustal imbrication due to the continent-continent collision (Fig. 4a). (ii) On the other hand,
continental subduction (Fig. 4b) assumes that the high-pressures were reached during subduction
of the Baltica continental lithosphere below Laurentia (Séranne, 1989; Andersen, 1991, Fossen &
Rikkelid, 1992; Wilk & Cuthbert, 1994). The horizontal pure shear model assumes the building of
a crustal wedge several tens of kilometre thick, and the relative pervasive distribution of deformation
within the collided continental margins. In contrast, the continental subduction assumes that
deformation is mainly restricted to the Wadatti-Benioff zone and that the internal deformation of the
subducted continental crust is relatively less important.

Both models may explain the westward increase of both the Caledonian deformation and
metamorphism. However, because elevation and crustal thickness are buffered by the ratio of the
force needed to drive convergence and gravitational forces (England, 1983), the crust may hardly
thicken homogeneously more than 75 km. As pointed out by Andersen et al., 1991, pressures
equivalent to 100 km are likely to be related to subduction of a continental slab below Moho levels
rather than to a homogeneous crustal thickening. Therefore, there is no need to invoke continental
collision to explain the high-pressure Silurian metamorphism.

During continental subduction, the fluid-rich sedimentary layers may act as a décollement zone.

The subduction-related thrust complexes give rise to large thin nappes, involving sedimentary cover



and crustal slivers detached from the subducted basement. Because of the lid effect of the
overriding upper plate, thin nappes may be translated without excessive folding over hundreds of
kilometres above the subducting crust. This is reproduced by thermal and mechanical modeling
showing that forces (buoyancy of crustal material and friction at the plate contact) acting upon a
subducting continental lithosphere lead to the development of décollement zones parallel the
rheological layering of the subducted crust (Van den Beukel, 1992). In the Scandinavian
Caledonides the main rheological discontinuity of the subducted plate is defined by the contact
between the crystalline basement of Baltica and its Lower Paleozoic sedimentary cover. Therefore it
is expected, and actually observed, that thrusts develop parallel to the basement mainly (but not only)
within the sedimentary cover. Actually, a continental slap reaching a depth of 100 km with a dipping
angle of 20° is consistent with the 300 km of relative translation of the sedimentary cover above the
subducted basement. Such large-scale flat décollements parallel to the subducting crust may also
explain some of the relatively flat seismic reflectors of the Scandinavian upper crust (Hurich, 1989),
and the apparent decrease of Caledonian overprint toward the Moho since the lower crust seems less
reflective than the upper and middle crust. Therefore, we believe that continental subduction better
explains the geometry of the Caledonian nappes, the localisation and the distribution of contractional
décollement zones.

In the Scandinavian Caledonides the near absence of Silurian molassic basins parallel to the belt is
somehow intriguing. Foreland basins are a common feature of continent-continent collision, they
develop during the downward flexure of the crust nearby the mountain belt and the erosion of high
topography. Some may argue that, in the Scandinavian Caledonides, these basins have been eroded.
However this is quite difficult to understand because foreland basins develop on low-elevation areas,
have a flat topography and therefore survive the erosion of the mountain belt. Here again we
emphasise that continental subduction may develop without involving the development of molassic
basins.

This model suggests that simple shear was the strain regime associated with both contractional
deformations. This contrasts with the view that eclogite fabrics record coaxial constrictional

deformation (Andersen & Jamveit 1990; Andersen et al., 1991; Andersen et al., 1994). The



significance of this fabric is not clear and is alternately explained by a near vertical non-rotational,
constrictional strain during continental subduction-related horizontal shortening (Andersen et al,
1991) or near horizontal non-rotational strain during extensional collapse-related vertical shortening
(Andersen & Jamveit 1990; Andersen et al., 1994). However, recent investigations in the Bergen
Arc (Boundy et al., 1992; Rey et al., 1995) conflict with this view. In Holsngy, strongly deformed
eclogite occurs in anastomosing, subparallel, 30-150 meters thick shear zones that are laterally
continuous along strike over distances up to several kilometres. Away from this shear zone,
Precambrian structures and metamorphic assemblages are remarkably well-preserved (Austrheim,
H., 1987). The eclogite-facies shear zone exhibits a pronounced mm-scale layering defined by
alternating omphacite/garnet- and kyanite/zoisite-rich layers and a strong shape-fabric foliation
defined by aligned omphacite, kyanite, zoisite and phengite. A mineral lineation associated to this
foliation is defined by the preferred orientation of zoisite, omphacite, kyanite and phengite. This
lineation is parallel to a stretching lineation defined by rod-shaped mineral aggregates (mainly
garnet and omphacite) and elongated relict corona structures. The shear zones generally have a
north to northeast dip of about 10° to 30°. In thin sections the geometrical relationships between the
S and C planes (both bearing eclogitic assemblages), the asymmetry of the omphacite bearing
crystallisation tails around garnet, and the right-stepping overlaps of garnet and zoisite grains
indicate a top to the east-northeast sense of shear that is consistent with the kinematics inferred from
macroscopic features, such as sigmoid-type mineral clusters. Although these features indicate that
the shear zones have a normal component in their present orientation, the shear zones orientation
during metamorphism and deformation was likely different. Assuming that these shear zones were
dipping to the west before being progressively rotated into their present orientation, this kinematic
analysis shows a top to the east-northeast sense of movement, consistent with the view that eclogite
developed during the westward subduction of Baltica below Laurentia.

In the Variscides, structural models emphasise the large-scale thrusts associated with continental
subduction (pressures as high as 20 kbar are recorded, eg. Ballevre et al. 1989), succeeding
synthetically oceanic subduction (Matte, 1986; Matte, 1991; Franke, 1989b). As point of consensus

in the convergence history, we note that oceanic and subsequent continental subductions are marked



by high-pressure metamorphism of oceanic and continental rocks in both the Scandinavian
Caledonides and the Variscides. However, contractional structures differ significantly between the
two belts. A major difference with the Scandinavian Caledonides is that in the Variscan belt
continent-continent collision occurred for several tens of million year after the high-pressure
metamorphism. This intracontinental deformation is inferred from (1) the development of molassic
foreland basins, (2) the migration through time of deformation from the hinterland to the foreland,
(3) the homogeneous distribution of deformation and metamorphism through the nappe piles (no
pre-Variscan features are preserved in the hinterland), (4) the development of a syn-convergence
arcuate structure (Ibero-Armorican arc), (5) the development of strike-slip faults parallel to the strike
of the belt, and (6) the variability through time and in space of the direction of displacement. All
these features may be explained by the continent-continent collision model and are at most poorly

represented in the Scandinavian Caledonides.

Post-thickening extension: Scandinavian Caledonides versus
Variscides

Contrasting features (Table 1) suggest that post-thickening extension in the Scandinavian
Caledonides and in the Variscides do not result from similar thermo-mechanical regimes. In the
following we argue that the eduction of the subducted continental crust (i.e. back movement of the
continental slab) may explain the extensional features of the Scandinavian Caledonides. In contrast,
extensional features of the Variscan belts indicate that the lithosphere was thick and weak when
extension occurred. Extension could have been triggered either by a reduction of the compressional
driving forces or the sudden increase of the horizontal buoyancy forces possibly related to the
thinning of the lithospheric mantle. These contrasted views on the extensional of both Mountain

Belts are based of the following significant differences.

Initiation and duration of extension



West-verging normal ductile shear began in the early Devonian (ca. 395 Ma, Hossack, 1984; Lux,
1985; McClay, 1986; Chauvet, 1992), or even during the late Silurian as suggested by Wilks &
Cuthbert (Wilks & Cuthbert 1994) for the Scandinavian Caledonides, and Hartz & Andersen (Hartz
& Andersen, 1995) for the east-verging extensional detachment of the East Greenland Caledonides.
Therefore, extension followed closely the high-pressure metamorphic event dated in between 450
and 400 Ma (Krogh 1974; Griffin & Brueckner 1980; Gebauer et al. 1985; Kullerud et al. 1986;
Mork & Mearns 1986), and likely started whereas Baltica continental slab was still involve in high-
pressure conditions. The close temporal relationship (maybe the overlap) between extension and the
high-pressure event strongly supports a rapid switch from contraction to extension. This is also
supported by the fact that upper crustal contraction ceased as soon as extension began (Fossen,
1992; Milnes et al., this volume), and extension continued into Late Devonian times, probably dying
out by the end of the Devonian (Milnes et al., this volume).

In contrast, the post-thickening extension of the Variscides occurred after a nearly 70 Ma long
period of continental deformation. Extension took place from Middle Carboniferous to Permian
(330-280 Ma) times (Ménard, 1988; Burg, 1994), and began while convergence was still active
(Burg, 1994).

Controlling effect of pre-extensional structures

In the Scandinavian Caledonides, former thrust zones controlled the location of extensional
décollement faults (Milnes & Koestter, 1985; Chauvet, 1989; Fossen, 1992; Milnes et al., this
volume). These décollements were localised on the west margin of Baltica, close to the boundary
with the remains of Iapetus and likely with the boundary of Laurentia (Fig. 7 B). Extension
direction was approximately parallel to, but reverse to that of contraction (Norton, 1986; Séguret,
1989; Fossen, 1992), and remained consistent in time and space. A second mode of extension
(Mode II of Fossen 1992; Milnes et al., this volume) occurred partly during and partly after the
décollement mode. It involves stretching of Baltica and the development of detachment faults that
cut through the nappe pile. According to our view, the detachments developed in response to the

rotation of the décollement zones into the horizontal plane. This rotation, related to the eduction of



the subducted continental crust (Figure 7C), leads to the decrease the shear stress acting on the fault
plane, the slip along these décollements became more difficult and high-angle normal fault
developed.

In contrast, normal faults are periodically distributed throughout the internal zones of the Variscides
where they did not necessarily overprint inherited thrust zones. Because Variscan contractional
structures are poorly preserved, the relationship between extension and contraction directions is
complex. In effect, the direction of post-thickening extension varies in space and time (Burg, 1994).
North, south and east-verging ductile normal faults have been described throughout the belt (Van

Den Driessche, 1989; Faure, 191; Rey, 1992).

Extension related structures

One of the best expressions of post-thickening extensional collapse, associated with the thermal
softening of the lithosphere, is the development of detachment zones that control (1) the exhumation
of regional anatectic domes on the footwall, and (2) the deposition of detritic continental basins in
the hangingwall. This coeval association of detritic basin, detachment and anatectic dome is known
as Metamorphic Core Complex (Coney & Harms, 1984). There is no syn-extension anatectic dome
in the Scandinavian Caledonides. Instead, exhumation of the Precambrian basement was mainly
controlled by the reactivation of the former thrusts and the development of detachment faults. As a
result, post-thickening extension did not penetratively affect the contractional nappe stack: earlier
Caledonian contractional structures, and even Precambrian structures, are relatively well-preserved
throughout the belt in comparison to the Variscan belt.

Conversely, post-thickening extension of the Variscides produced coeval migmatitic domes and
intracontinental, widely distributed coal-bearing basins in a Metamorphic Core Complex-type
geometry (Malavieille, 1990; Van Den Driessche, 1991-1992). The migmatitic domes correspond
to an exhumed ductile layer beneath low-angle faults, above which the upper crustal layer was
extended Van Den Driessche, 1991-1992. The exhumation of anatectic rocks indicates that the
extended crust was partially melted and weakened when extension occurred. In the internal part of

the belt, the upper layer is deeply eroded. As a consequence, the association of coeval basins with



Metamorphic Core Complexes is principally preserved near the external border of the belt. In the
deeply eroded, migmatitic hinterland, contractional structures are poorly preserved between vast

granitic plutons resulting from partial melting of crustal material.

Syn-extensional metamorphism and plutonism

Exhumed Caledonian and Variscan rock units present distinct thermal histories.

In the Scandinavian Caledonides, eclogitic rocks sampled within ductile normal shear zones below
the Devonian basins experienced nearly 10 to 20 kbar isothermal decompression (Fig. 5) over a
period of ca. 20 Ma (Andersen, 1990; Chauvet, 1992; Wilks, 1994). Extension-related ductile
structures developed under lower-amphibolite to greenschist-facies metamorphism (Norton 1987,
Chauvet et al. 1992), with a complete absence of migmatites and associated granites Stephens,
1988); Milnes et al., this volume. This provides further evidence that extension exhumed rocks that
were still under eclogite facies conditions, and strongly supports a rapid switch from contraction to
extension.

In contrast to the Scandinavian Caledonides, the Variscan extension exhumed rocks that were
involved in medium-pressure amphibolite to granulite facies conditions. Indeed, 80% of the internal
zones in the Variscides consist of migmatites and granites coeval with widespread high-T / low-P
metamorphic conditions. P-T-t paths of the deepest rocks are characterised by high-temperature
near-isothermal, 9 to 4 kbar decompression before cooling (Fig. 5). Temperatures as high as 700-
800°C at depths equivalent to 3-6 kbar were common (eg. Gardien 1990, Rey ef al. 1992). They
imply a thermal gradient (50-90 °C km-!) that would produce unrealistic Moho temperatures
(>2000°C) for a conductive geotherm. Accordingly, advective heat transport by pervasive flow is
inferred in the deeper parts of the continental crust to maintain a temperature around 800-1000°C.
Large volumes of granitic plutons, dated between 340 and 290 Ma, as well as low-P / high-T
metamorphic conditions dated at about 330-310 Ma, support the hypothesis that both extensive
melting and pervasive flow of the middle and lower crust are spatially and temporally associated

with post-thickening extension (Rey, 1993; Costa & Rey, 1995). This high-T / low-P environment



during the Variscan extension certainly is the main difference with the metamorphic condition

associated with extension in the Scandinavian Caledonides.

Basins and foreland deformation

In the Scandinavian Caledonides, Devonian basins developed mainly in limited areas above a single
main normal fault (the Nordfjord-Sogn Detachment, Norton, 1987; Chauvet and Séranne, 1987).
Away from this fault Devonian sediments are rare.

In the Variscides, Carboniferous basins were distributed throughout the internal zones of the
orogenic belt (Ménard, 1988; Burg, 1994). During extension, mainly gravity-driven contractional
structures developed in external domains of the belt in response to the thrust loading of the
subsequent nappes (Weber, 1983; Ahrendt, 1983; Echtler, 1990; Meilliez, 1990). This contrasts
with the Caledonian belt where evidences for contemporaneous contraction in the foreland and
extension in the hinterland are rare and extremely questionable (Fossen, 1992, Andersen, 1993,

Fossen, 1993).

Deep crust

A low-P / high-T granulite facies metamorphism took place in the lower crust of the Variscan belt in
Late Carboniferous times (Pin, 1983), while the orogen was undergoing post-thickening extension.
The high T/P gradient is associated with intrusion of mantle-derived mafic intrusions crystallised as
layered mafic-ultramafic complexes, that may play a key role in the high seismic reflectivity of the
Variscan lower crust (Rey, 1993). Indeed, geometric relationships between seismic reflectors and
regional geological structures indicate that the “layering” of the lower crust was acquired during
post-thickening extension (Rey, 1993; Costa & Rey, 1995). There is no direct information on the
Scandinavian lower crust. However, deep seismic profiles indicate that the lower crust is poorly

reflective compared to the reflectivity of the lower Variscan crust (Rey 1993 and reference therein).

Post extensional thermal history



Variscan extensional tectonics ended with deposition of Permian sediments and was followed
during the Mesozoic by the formation of intra-continental basins. The formation of these basins
was controlled by thermal subsidence during which the lithospheric mantle recovered a normal
thickness. Extension in the Scandinavian Caledonides ended, at the latest, in the upper Devonian
(Milnes et al., this volume). As pointed out by (Séguret et al., Séguret, 1989), the absence of
sedimentation between the Devonian and Permian indicates that no thermal subsidence followed
extension, and as a consequently, that the lithospheric mantle may have preserved a constant
thickness through Caledonian times. The absence of plutonic activity usually related to mantle

delamination supports this hypothesis.
Origin of post-thickening extensional tectonics

We conclude that post-thickening extensional tectonics in the Scandinavian Caledonides did not
occur under a thermal and mechanical regime comparable to that of the Variscides. We will now
argue that post-thickening extension in the latter was a mechanical consequence of the thermal
evolution of the lithosphere during convergence. In contrast, Devonian extension in the
Scandinavian Caledonides was not a direct consequence of the thermal and mechanical evolution

expected in a crust thickened by continental collision.

Rheological discussion

From the lack of intrusions in the Caledonian and their abundance in the Variscides, it is probable
that the lithosphere in the Caledonides was cooler than that of the Variscides. As shown by (Kuznir
& ParkKuznir, 1987) the extensional strength of the lithosphere is very strongly dependent on the
temperature gradient. These authors show that an initially distributed stress will be relaxed by creep
in those parts of the crust that deform in a ductile manner and that the load is then transferred to the
non-deforming parts. The rheology of rocks is a strong function of temperature (Kirby, 1985),

which is expressed by:

1
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(Turcotte, 1982, p 339, eqn 7-250) where pefr is the effective viscosity, Cy is the pre-exponential
term of power-law creep, Oy is the stress, n is the exponent of power-law creep, E; is the activation
energy, R the gas constant and 7 the absolute temperature.

The temperature dependence of rock rheology in turn gives a temperature dependence to the stress

relaxation time
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(Turcotte, 1982, p 339, eqn 7-251), where E is the elasticity modulus. The relaxation time is a
measure of the time over which a rock can sustain a stress and, therefore, a useful concept in
considering the redistribution of tectonic load in the lithosphere. In the present case the lithosphere
splitting takes a time of the order of 10 Ma, therefore the strength of the lithosphere will be
determined by the proportion of it that can sustain a load over this period of time. Taking a crust
made up of 35 km thick wet quartz and an upper mantle of dry olivine, and using data from (Kirby,
1985) is a sufficient approximation for this rheological discussion. Figure 6 illustrates the
proportions of the crust that can sustain load for linear temperature gradients of 15° and 20°C/km,
the latter being chosen to reach the minimum melting temperature of crustal rocks at a Moho depth.
The precise strength of the lithosphere depends on the precise mechanism of failure in the non-
ductile parts, but it can be seen from the figure that the lower temperature gradient gives a load
bearing lithosphere twice that of the higher gradient. Thus it is a tenable hypothesis that the

Variscides with a high-temperature gradient suffered extension caused by buoyancy forces, whilst

the lithosphere of the Scandinavian Caledonides was strong enough to resist an equivalent load.

Models of post-convergence extension

Variscan belt

It becomes accepted (eg. Malavieille, 1993; Burg, 1994) that the Variscides have undergone
extensional collapse as described in other orogens (eg. Dewey, 1988). The bulk scenario that we
envision (Fig. 8) can be summarised as follows. After a long-lasting and probably slower
continental collision (as it is seen between India and Asia, (Molnar & Tapponnier 1975), the crustal

root of the Variscides was partially melted and the lithospheric mantle was more or less transformed



into asthenosphere by thermal relaxation (Gaudemer, 1988) or mantle delamination (Bird, 1979;
Houseman et al., 1981). This transformation resulted in uplift and partial melting of fertile
asthenosphere and subsequent intrusion of mafic magmas into the lower crust (McKenzie, 1988),
which also contributed in the heating of the crust. Heating and production of large volumes of
granitic melt were responsible for a dramatic drop of crustal strength. Thermal thinning of the
lithospheric mantle may also have triggered a higher topographic relief of the belt. The decrease in
crustal strength, and the rise in elevation induced lateral pressure gradients in the lower crust by
variations in crustal thickness (Bird, 1991). Subsequent pervasive flow which, in turn, induced
formation of detachment faults in the upper crust, accounts for a redistribution of crustal material
from the thickened internal zone toward the external part of the belt. Synchronously, the rise in
elevation induced a topographic gradient responsible for gravitational spreading and marginal
thrusting toward the foreland (Dewey, 1988) These mechanical processes permitted the thickened
crust to recover a normal (ca. 30 km) thickness in a few tens of million years. But the recovery of
the lithospheric mantle thickness was controlled by slower thermal processes that involved thermal
subsidence of most Europe during the Mesozoic.

Scandinavian Caledonides

It is usually inferred that the lithosphere doubled in thickness during early collision by continental
subduction of Baltica under Laurentia. Many models then assume that gravitational collapse of the
orogen (Norton, 1986; Séranne, 1987; Séranne, 1989; Andersen, 1990; Klaper, 1991; Chauvet,
1992) was initiated in the Devonian by the catastrophic detachment and subsidence of the heavy and
cold lower mantle of the thickened lithosphere. This delamination resulted, for buoyancy reasons, in
the rapid exhumation (about 20 Ma) of the eclogitic crust (Fig. 7, Andersen & Jamtveit 1990,
Andersen et al. 1991, Fossen 1992). Extension of the orogenic belt is necessary to exhume the
deepest rocks by a footwall rolling hinge mechanism below the backsliding nappe pile as suggested
by the present day disposition of isobars (Norton, 1986).

The internally driven decoupling model, where horizontal buoyancy forces play a governing role,
fails to explain (1) why continental convergence ceased when the thermal boundary layer was

removed and (ii) the absence of spreading-related contraction in the foreland during uplift and



exhumation of the hinterland (Fossen, 1992; Wilks, 1994). Furthermore, the lack of both
significant crustal partial melting and thermal subsidence suggest that the driving forces of
extensional tectonics were not related to either horizontal buoyancy forces combined with thermal
softening of the crust or to the isostatic rebound associated with a mantle delamination process. As
an alternative model, plate divergence has been proposed to explain the origin of extension (Séranne,
1991; Fossen, 1992; Rey 1993b; Chauvet & Séranne 1994; Wilks & Cuthbert 1994). Instead, we
follow some authors (Séranne, 1991; Fossen, 1992; Wilks and Cuthbert, 1994; Milnes et al., this
volume) to argue that the origin of much of the extension should be found in changing boundary
conditions, namely that the nappe pile slid back during the Devonian into a space created by
divergence between Laurentia and Baltica (the free space model of Wilks & Cuthbert 1994). The
consensus is not reached about the origin of extensional tectonics (Andersen 1993; Fossen 1993),
and the origin of the plate divergence is poorly documented. How and why is extension externally
imposed ?

Collision of Avalonia with Laurasia has been proposed to explain the north-south compression
coeval with east-west extension, which is deduced from folds contemporaneous with, and parallel to
the late-orogenic extension (Séranne et al., 1991; Chauvet, 1994). However, Avalonia did not collide
northwards with the recently assembled Laurasia in the early Devonian. It underthrust Laurentia
transpressively in the Silurian, rotating anticlockwise (Soper & Woodcock 1990; Soper et al., 1992),
whereas turbidite sequences where deposited on both sides of the suture (Kneller, 1991). We
contend that Gondwana, was more likely the plate that caused divergent plate motion between Baltica
and Laurentia, and induced extension. In the following, we propose that a relationship existed
between the Early Variscan collision and Caledonian extension.

Lower Paleozoic palinspastic reconstructions show a triple junction centred on the Avalonian block
situated between Laurentia, Baltica and Gondwana (Fig. 9) (Soper & Woodcock 1990; Soper &
Hutton 1984). East-west closure of the North Iapetus Ocean was taking place during the Cambrian-
Silurian times, while northward translation of Gondwana was closing the Rheic and Theic oceanic
domains. Silurian ages of high-pressure metamorphism, in both the Caledonian and Variscan belts,

as well as the Late Ordovician age of calc-alkaline arc-magmatism in eastern Britain (Noble et al.,



1993) and the Silurian age of unmetamorphosed ophiolites in southwest Poland (Oliver et al., 1993),
suggest that the triple junction was stable as long as convergence was accommodated by subduction
of the oceanic lithospheres. At the end of the Silurian, whilst the Scandinavian Caledonides reached
continent-continent collision, the boundaries between Laurentia and Baltica plates and Laurasia and
Gondwana were nearly perpendicular (Fig. 10). In the Early Devonian, the Rheic and Theic oceans
were closed and Variscan continental collision began. Pull apart of Laurentia and Baltica in a
tension gash manner at a lithospheric scale may then have occurred in the Early Devonian. In the
mean time, Silurian basins were inverted in the British Isles (Acadian event, Soper & Woodcock
1990). This would suggest that north-south Variscan collision was responsible for east-west
Caledonian divergence in Devonian times, whereas two conjugate fault zones accommodated the
northward impingement of Gondwana, the sinistral Great Glen Fault System to the west (eg. Soper,
1984), and the dextral Tornquist-Teisseyre Fault Zone to the east. Furthermore, the northward
impingement of Gondwana could also explain the Acadian Orogeny (Devonian deformation in
Britain and in the Appalachians) as proposed by Soper et al.(1992).

This transitory extension ceased, to give way to the predominantly wrenching regime recognised in
the Caledonides through the Middle and Late Devonian (eg. Soper & Hutton 1984, Hutton 1987,
Chauvet & Séranne 1994) and possibly as late as the earliest Carboniferous (Harland, 1972). This
relative movement suggests that north-south impingement of Laurasia changed in direction, possibly
because of a clockwise rotation of Gondwana (see also the model developed by Hutton, 1987. This
rotation may have lasted until Namurian times, a period for which a rotation of Europe is seen by
paleomagnetic investigations (Edel, 1987). It would be consistent with the ductile kinematic pattern
described in the nappe pile of the arcuate Variscides in Western Europe (Burg, 1987) and would
provide an explanation for a slower convergence between Gondwana and Laurasia before the

establishment of orogenic collapse.

Conclusion



The Scandinavian Caledonides and the Variscides possibly document two different modes of
convergence as well as two different modes of post-orogenic extension. First order differences
such as the time delay between contraction and extension, the gross P-T-t paths of deeply subducted
rocks, the establishment of high thermal gradients, the amount of granites and the distribution of
extensional basins suggest that, post-thickening extension in the Variscides was a consequence of
gravitational collapse due to the thermal softening of the thickened crust. Conversely, extension in
the Scandinavian Caledonides was probably controlled by a plate divergence motion which took
place whereas Baltica was still dragged below Laurasia.

In the Variscides, continent-continent deformation is inferred from (1) the development of molassic
foreland basins, (2) the migration through time of deformation from the hinterland to the foreland,
(3) the homogeneous distribution of deformation and metamorphism through the nappe piles (no
pre-Variscan features are preserved in the hinterland), (4) the development of syn-convergence
arcuate structures (Ibero-Armorican arc) (5) the development of strike-slip faults parallel to the
strike of the belt and (6) the variability through time and in space of the direction of displacement.
Gravitational instabilities related to the viscous flow of the lower crust and lithospheric mantle
delamination may explain a number of Carboniferous events in the waning stages of the Variscan
history. These are: (1) extraction of granitic magmas from the melted lower crust, (2) generation of
widespread low-P / high-T metamorphic conditions, (3) mantle-derived mafic intrusion in the lower
crust, (4) the seismic fabric of the lower crust, (5) deposition of Upper-Carboniferous basins above
low-angle ductile normal faults, (6) development of contractional structures in the foreland, and (7) a
waning thermal subsidence.

The Early Paleozoic subduction of the Baltic margin beneath Laurentia explains: (1) the uniform
pressure increase toward the northwestern margin of the belt, (2) the thinness of the Caledonian
nappes, (3) the low geothermal gradient, and (4) the absence of penetrative deformation within the
subducted Baltica basement. The post-thickening east-west extension was responsible for the
exhumation of the deeply subducted crust. This was triggered by external forces at the plate
boundaries, which may explain: (1) the short delay between extension and high-P metamorphism,

(2) the absence of thermal relaxation, (3) the distribution of the Devonian basins, and (4) the



absence of long-lasting thermal subsidence. Based on palinspastic reconstruction and timing of
tectonometamorphic events in both the Scandinavian Caledonides and the Variscan belt, it is
proposed that east-west Caledonian extension was initiated during the north-south eo-Variscan

continental collision, rather than to be relayed to gravitational collapse.
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TABLE I. COMPARISON OF EXTENSION CHARACTERISTICS BETWEEN THE
EUROPEAN VARISCAN BELT AND THE SCANDINAVIAN CALEDONIDES

Extension features and related events European Variscan belt Scandinavian Caledonides

End of the high-P event 420-410 Ma 420-410 Ma

Beginning of extension =330 Ma =395 Ma

Direction of extension variable in space and time same as contraction

Low-angle ductile normal faults do not necessarily overprint thrusts often overprint contractional structures
Sedimentary basins uniformly distributed localised above one unique detachment
Associated thermal regime high-geothermal gradient medium to low geothermal gradient
Exhumed terranes anatectic gneisses, migmatites, granites eclogitised Precambrian formations
Associated metamorphic event low-P / high-T metamorphism amphibolite facies or lower
Plutonism voluminous granitic plutons rare plutons

In the foreland contractional structures no proven post-410 Ma sediments

Thermal subsidence yes no




Figure Captions.

Figure 1: Bulk distribution of continental masses in Silurian times (ca. 430 Ma) and approximate
directions of relative closure vectors after Ziegler Ziegler, 1986; Scotese, 1990. The width of
the oceanic domains and the amount of intracontinental shortening (eg. in Baltica, see Soper
et al. 1992) are not established. The eastern extension of Armorica-Barrandia includes the
Léon region according to Balé & Brun Balé, 1986 and the Central Iberian Zone according to

Balleévre et al. Ballévre, 1992.

Figure 2: Main structural elements of the Scandinavian Caledonides, simplified after Stephens &
Gee Stephens, 1989. Black arrows are average thrust transport directions (eg. Soper et al.
1992) and empty arrows show the Devonian extension direction (eg. Chauvet, 1989; Fossen,

1992)

Figure 3: Main structural elements of the Variscides. Main sutures as from Bard et al. Bard, 1980;
Ballevre, 1992; Martinez-Cataldn, 1990; Edel, 1995. Black arrows show transport directions
as from Matte Matte, 1986 and Burg ef al. Burg, 1987. Empty arrows show late-orogenic

extension directions after Burg et al. (Burg et al., 1994) and reference therein.

Figure 4: Two contrasted models of convergence zone have been proposed for the Scandinavian
Caledonides: a) symmetric thickening model adapted from Andersen & Jamtveit Andersen,

1990a and b) continental subduction.

Figure 5: Representative P-T-t trajectories recorded by metapelites in the Scandinavian Caledonides
(C) (after Chauvet ef al. 1992) and the Variscides (V, after Rey, 1991-1992. Note the ca.
100°C difference between the two retrograde paths. In the Variscides, exhumation of high-

pressure metapelites occurred above their solidus. During late-orogenic extension a large



volume of anatectic melts was produced that reduced the strength of the crust. Conversely, no
extensive partial melting occured in the Scandinavian Caledonides. During late-orogenic
extension, exhumation of high-pressure rocks developed under a relatively cold geotherm.
Inserts, related extension systems in the Scandinavian Caledonides (top left) and in the

southern Variscides (top right).

Figure 6: Load bearing portions of the lithosphere for a temperature gradient of (a) 15°C/km and (b)
20°C/km. The patterned areas represent material that can sustain stress over a period of 10

Ma.

Figure 7: Sketch of the structural evolution of the Scandinavian Caledonides proposed in this paper.
The upper cross section illustrates the relationships between Laurentia, Baltica and the nappe
complex at the end of the convergence. Following Fossen (1992), extension (middle and
lower cross-sections) developed both extensional décollements (Mode 1) and detachments
(Mode II). At first extension exhumed progressively the continental slab whereas former
thrusts, reactivated in extensional décollements, rotate to horizontal. The reversed subduction
is consistent with reversal of relative plate motion, while the subducted lithosphere remains too
strong to fail (see analogue experiment 7 of Shemenda, 1993. Detachment developed when

sliding along décollement was no longer possible.

Figure 8: Sketch of the structural evolution and post-thickening extension across the southern

branch of the Variscides.

Figure 9: Bulk distribution of continental masses in Devonian times (ca. 390 Ma) and approximate
directions of relative movement after Ziegler Ziegler, 1986; Scotese, 1990. Ibero-Armorican

Arc opened after Perroud Perroud, 1982. Continental boundaries as in Figure 1.



Figure 10: Sketch to represent the spatial relationships between the Variscides and the Scandinavian
Caledonides, and the interference involved to create extension in the Caledonides during early
collision in the Variscides, followed by wrench dominated tectonics suggesting anticlockwise
rotation of Gondwana. This model is consistent with the Silurian closure of Iapetus described

by Soper et al. (1992).
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